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Background. Rejection is the major obstacle to survival after cardiac transplantation. We investigated whether 
overexpression of heat shock protein (Hsp)-27 in mouse hearts protects against acute rejection and the mechanisms 
of such protection. 

Methods. Hearts from BIO. A mice over expressing human Hsp-27 (Hsp-27tg), or Hsp-27-negative hearts from lit- 
termate controls (LCs) were transplanted into allogeneic C57BL/6 mice. The immune response to BIO. A hearts was 
investigated using quantitative polymerase chain reaction for CD3+, CD4+, CD8+ T cells, and CD 14+ monocytes 
and cytokines (interferon-7, interleukin [IL]-2, tumor necrosis factor-a, IL-1|3, IL-4, IL-5, IL-10, transforming 
growth factor- (3) in allografts at days 2, 5, and 12 after transplantation. The effect of Hsp-27 on ischemia-induced 
caspase activation and immune activation was investigated. 

Results. Survival of Hsp-27tg hearts (35±10.37 days, n=10) was significantly prolonged compared with LCs 
(13.6+3.06 days, n=10, P=0.0004). Hsp-27tg hearts expressed significantly more messenger RNA (mRNA) markers of 
CD14+ monocytes at day 2 and less mRNA markers of CD3+ and CD8+T cells at day 5 compared with LCs. There was 
more IL-4 mRNA in Hsp-27tg hearts at day 2 and less interferon-7 mRNA at day 5 compared with LCs. Heat shock 
protein-27tg hearts subjected to ischemia or to 24 hr ischemia- reperfusion injury demonstrated significantly less apo- 
ptosis and activation of caspases 3, 9, and 1 than LCs. T cells removed from C57BL/6 recipients of Hsp-27tg hearts 
produced a vigorous memory response to BIO. A antigens, suggesting immune activation was not inhibited by Hsp-27. 
Conclusion. Heat shock protein-27 delays allograft rejection, by inhibiting tissue damage, through probably an 
antiapoptotic pathway. It may also promote an anti-inflammatory subset of monocytes. 
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Rejection remains the major barrier to long-term graft 
survival after solid organ transplantation. Prevention of 
rejection requires life-long immunosuppression with agents 
such as steroids, antiproliferative agents, and calcineurin in- 
hibitors (I). Unfortunately, life-long immunosuppression is 
associated with infections and malignancy. Identification of 
natural molecules that are cytoprotective may alleviate rejec- 
tion and lessen the requirement for immunosuppression. 

Heat shock protein (Hsp)-27 (in humans) and Hsp-25 
(in rodents) are part of a family of heat shock proteins 

This study was supported by the British Heart Foundation (RG/06/004) and 
B.S. was funded by the National Heart and Lung Institute Foundation. 
The authors declare no conflicts of interest. 

1 Transplant Immunology Group, National Heart and Lung Institute, Impe- 

rial College, Harefield Heart Science Centre, Harefield, United Kingdom. 

2 Molecular Biology Group, National Heart and Lung Institute, Imperial 

College, Harefield Heart Science Centre, Harefield, United Kingdom. 

3 Address correspondence to: Marlene Rose, Ph.D., National Heart and 

Lung Institute, Imperial College, Heart Science Centre, Harefield Hos- 
pital, Harefield, Middlesex, UB9 6JH, UK. 
E-mail: marlene.rose@imperial.ac.uk 

B.S. participated in research design, writing of the article, performance of 
the research, and data analysis. R.G. participated in performance of 
research and data analysis. L.E.F. participated in performance of research 
and data analysis. A.M. participated in performance of the research and 
data analysis. M.L.R. participated in research design, writing of the article 
and data analysis. 

Transplantation • Volume 98, Number 1, July 15, 2014 



which bind denatured proteins in times of stress to prevent 
aggregation (2). The human Hsp-27 gene encodes a 199 
amino acid polypeptide, which is induced in response to 
stress, such as heat shock, simulated ischemia, and oxidative 
stress (3, 4). The antioxidative effects, antiapoptotic ability, 
and ability to stabilize the cytoskeleton are well-known prop- 
erties of Hsp-27 (5, 6), but these properties have been dis- 
covered almost entirely by cell-culture studies. Far less is 
known about the effects of Hsp-27 in whole animal models 
of disease. 

Heat shock protein-27 is constitutively expressed in 
human cardiomyocytes (7), and ex vivo studies using mouse 
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hearts overexpressing Hsp-27 have demonstrated that it pro- 
tects the myocardium against ischemia and reperfusion in- 
jury (8, 9). Further studies have demonstrated that Hsp-27 
is expressed within human blood vessels (10) and phosphor- 
ylated Hsp-27 is believed to be protective against atheroscle- 
rosis (10-12). Experimental studies have demonstrated that 
female Hsp-27 overexpressing mice crossed with the apoE 
knock out have less atherosclerosis than apoE knock out 
mice (13). Cardiac allograft vasculopathy (CAV) or occlusion 
of coronary arteries in donor hearts is a long-term compli- 
cation after cardiac transplantation (14). It has many simi- 
larities to non-transplant atherosclerosis (15). The fact that 
significantly more Hsp-27 was found in cardiac biopsies from 
patients with long-term freedom from CAV compared with 
biopsies from patients who developed early CAV suggests a 
role for Hsp-27 in protection against transplant associ- 
ated atherosclerosis (16). Whether Hsp-27 also has a role to 
play in protecting allografts from acute rejection has not 
been investigated. 

We have used an experimental model of acute cardiac 
allograft rejection and demonstrate that overexpression 
of Hsp-27 in donor hearts delays acute rejection; we have 
investigated the mechanisms of delayed rejection. 

RESULTS 

Distribution of Hsp-27 in Transgenic 
Mice (Hsp-27tg) 

To track expression of the transgene a hemagglutinin 
(HA) tag was placed contiguous with the Hsp-27 sequence 
(17). Hence, Hsp-27 could be tracked using rabbit antibody 
to HA. Organs were removed from Hsp-27tg mice and lit- 
termate controls (LCs) for analysis by Western blot and im- 
munocytochemistry. Figure 1(a) shows representative data of 
Western blots probed with rabbit anti-HA and anti-Hsp-25 
antibody. The HA protein was undetectable in heart, lung, 
liver, kidney, and spleen of LCs. However, prominent expres- 
sion of HA was found in the hearts and lungs of Hsp-27tg 
mice, but no HA was observed in liver, kidneys, or spleen. In 
contrast, there was a wide-spread expression of endogenous 
Hsp-25 in hearts, lungs, kidneys, and spleen of LCs. In trans- 
genic mice, there was no expression of Hsp-25 in kidneys. 
There was weak expression of Hsp-25 in the liver of Hsp-27tg 
and LCs. Immunocytochemistry of frozen sections of heart 
revealed a strong expression of HA-tagged Hsp-27 in the 
cardiomyocytes, but not endothelial cells, of hearts of trans- 
genic mice (Fig. lb). Quantification of Hsp-25 and HA-tagged 
Hsp-27 in all organs confirmed there to be considerably 
more Hsp-25/Hsp-27 in the hearts of transgenic mice compared 
with their LCs (Figure SI, SDC, http://links.lww.com/TP/A978). 
Enzyme-linked immunosorbent assay (ELISA) for Hsp-27 in 
the sera of Hsp-27tg and LCs demonstrated the presence of 
Hsp-27 in the sera of transgenic mice (Fig. lc). 

Acute Rejection 

Hearts from B10.A transgenic or LCs (H-2 a ) were 
transplanted into C57BL/6 recipients (H-2 b ). This represents 
a complete major histocompatibility complex mismatch. 
Survival of hearts from B10.A Hsp-27tg mice (35+10.37 days, 
n=10) were significantly prolonged compared with that of 
hearts from LCs (13.6+3.06 days, n=10, i^0.0004). Syngeneic 
grafts from C57BL/6 mice showed no signs of rejection 



when recipients were killed at 8 weeks after transplantation 
(Fig. Id). 

Analysis of Acute Rejection by Quantitative 
Polymerase Chain Reaction 

To investigate the mechanisms of delayed graft rejec- 
tion, infiltration of inflammatory cells (CD3+ T cells, CD8+ 
T cells, CD4+ T cells, and CD 14+ monocytes) in allografts 
was investigated by quantitative polymerase chain reaction 
(qPCR) at 2, 5, and 12 days after transplantation (Fig. 2). At 
2 days, posttransplant allografts expressing Hsp-27 showed 
significantly increased expression of CD 14 transcripts, re- 
flecting monocytes, compared with control mice. At 5 days 
after transplantation, expression of CD 3 and CD 8 messen- 
ger RNA (mRNA) was induced in both Hsp-27 transgenic 
and LC allografts, but abundance of both transcripts was 
significantly lower in Hsp-27 transgenic allografts compared 
with controls. At day 12, there was no difference in CD3 and 
CD8 expression. Heat shock protein-27 seems not to have 
demonstrated an effect on CD4 expression; however, the 
quantity of mRNA for the CD4 gene is low compared with 
CD3 or CD8 mRNA. 

The expression of proinflammatory (interferon [IFN]~7, 
interleukin [IL]-2, tumor necrosis factor-a, and IL-lp) and 
anti- inflammatory cytokines (IL-4, IL-5, IL-10, and trans- 
forming growth factor- (3) was investigated in the same 
hearts (Fig. 3). For the proinflammatory cytokines, Hsp-27tg 
allografts had significantly reduced expression of IFN-7 tran- 
scripts at day 5 after transplantation but significantly in- 
creased expression at day 12 compared with LC mice (Fig. 3a). 
Interleukin-2 transcript expression was induced at 5 days 
after transplantation in both transgenic and control mice by 
comparable amounts. However, by 12 days after transplanta- 
tion, the abundance of IL-2 mRNA had dropped, although 
levels in Hsp-27tg allografts were significantly higher than 
controls (Fig. 3b). There was no significant difference in 
quantity of mRNA for tumor necrosis factor-a or IL-lp be- 
tween transgenic hearts and control hearts at various times 
(Fig. 3c and d). For the anti-inflammatory cytokines, there 
was a substantial induction of IL-4 transcripts at day 2 in 
Hsp-27tg allografts compared with controls (Fig. 3e) at days 
5 and 12 mRNA for IL-4 was barely detectable in any group. 
In contrast, mRNA for IL-10 and transforming growth 
factor- (3 (Fig. 3g and h) increased in levels between days 2 and 
5, plateaued at day 12, and there was no difference between 
Hsp-27tg and LC hearts. There was also no difference in 
mRNA levels of IL-5 expression between Hsp-27tg and LCs 
(Fig. 3f ). Taken together, qPCR analysis of cells and cytokines 
suggest the presence of the transgene Hsp-27 has promoted 
an early anti-inflammatory Th-2 response (characterized 
by mRNA for CD 14 and IL-4) and delayed the Th-1 re- 
sponse (characterized by CD8+T cells and IFN-7) in this 
particular model. 

Alloantibody Responses 

The presence of alloantibody to B10.A antigens was 
investigated in the sera of C57BL/6 mice at days 2, 5, and 12 after 
transplantation (Figure S2, SDC, http://links.lww.com/TP/A978). 
Alloantibody was detected at day 12, and there was no dif- 
ference in the titre of antibody produced by recipients of 
Hsp-27tg or LC hearts. 



Copyright © 201 4 Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited. 



© 2014 Lippincott Williams & Wilkins 



Seemampillai et al. 31 



HA 
Hsp-25 
GAPDH 

B 



Littermate control 


Transgenic 


heart lung liver kidney spleen 


heart lung liver kidney spleen 












Littermate control 


Transgenic 






1 





5 20000 



D 



100 



g 75 
50 

c 

0) 

o 

I 25 



LC male Tg male 

Genotype 



I 



— LC 
... Tg 

• Syn 



10 20 30 40 
Days after Transplant 



FIGURE 1. Distribution of HA-tagged Hsp-27 in transgenic mice and prolonged survival of transgenic allograft. Protein 
from hearts, lungs, liver, kidney and spleen from LC and Hsp-27tg mice were separated by SDS-PAGE and transferred to 
nitrocellulose membranes by Western blotting (a). They were probed with antibodies to HA, Hsp-25 or GAPDH followed by 
HRP-conjugated antibody. In b, frozen sections of hearts from Hsp-27tg and LCs were treated with peroxidase labeled ir- 
relevant antibody (neg control) or antibody to HA, the peroxidase was visualized as described in the Materials and Methods. 
Hemagglutinin is predominantly expressed within cardiomyocytes of Hsp-27tg mice. In c, sera from LCs (n=8) and Hsp-27tg 
mice (n=8) were tested for soluble Hsp-27 by ELISA. The concentration of Hsp-27 was determined using the standard 
curves provided by the manufacture. Results are shown as mean+SEM, P=<0.001. In d, Hearts from Hsp-27tg (n=10) or their 
LCs (n=10) were heterotopically transplanted in C57BL/6 recipients. Survival of hearts from Hsp-27tg mice were signifi- 
cantly prolonged compared with hearts from LC (PO.001 , by Kaplan-Meier analysis). Syngeneic hearts were still beating at 
day 50 when all surviving mice were killed. HA, hemagglutinin; SDS-PAGE, sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis; LCs, littermate controls; Hsp, heat shock protein. ELISA, enzyme-linked immunosorbent assay. 
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FIGURE 2. Effect of Hsp-27 on infiltrating cells. Recipients of transgenic and LC allografts were killed at days 2, 5, and 12 
after transplantation and donor hearts were assessed for infiltration of CD3+ (A), CD4+ (B), and CD8+ (C) T cells as well as 
CD 14+ (D) cells by RT-PCR. The y-axis shows relative expression of mRNA as a percentage of that present in syngrafts. It 
can be seen that transgenic allografts have less CD3+ and CD8+ T cells at day 5 compared with LC allografts and more CD 14 
cells at day 2 (* or #P<0.05; ** or ##P<0.01 and *** or ###P<0.001, ^transgenic vs. LC, #syngeneic vs. LC or syngeneic vs. 
transgenic, n=3-6). LC, littermate control; mRNA, messenger RNA; RT-PCR, reverse-transcriptase polymerase chain reac- 
tion; Hsp, heat shock protein. 



Response of Hsp-27tg Hearts to Ischemia 

Apoptosis 

The observation that prolongation of heart survival 
was associated with early changes in the graft (i.e., presence 
of CD 14 and IL-4 at day 2) suggested the possibility that early 
damage caused by ischemia or ischemic reperfusion may be 
modulated by Hsp-27. Hearts from Hsp-27tg and LC mice 
were subjected to 10 min cold and 40 min warm ischemia. 
Cryostat sections of hearts were analyzed for the presence of 
apoptotic cells using the terminal deoxynucleotide transferase- 
mediated 2'-deoxyuridine-5'-triphosphate nick- end labeling 
(TUNEL) assay (Fig. 4a and b). The increase in the numbers 
of apoptotic cells caused by ischemia in Hsp-27tg hearts 
(153% increase) was significantly attenuated compared with 
the increase in apoptotic cells in LC hearts (250%, P=0.0013, 
Fig. 4a and b). 

Caspase Activity 

Apoptosis is triggered through two main signaling 
pathways: intrinsic and extrinsic pathways (18, 19). Both of 



these pathways lead to the activation of caspase 3. The in- 
trinsic pathway activates caspase 9, whereas the extrinsic 
pathway leads to the activation of caspase 8. Figure 4(c) shows 
similar levels of activity of caspase 3 in Hsp-27tg and con- 
trol normoxic heart. Ischemia leads to increased activity of 
caspase 3 both in LC and Hsp-27tg hearts. However, the 
activity of caspase 3 was significantly higher in LC ischemic 
heart compared with transgenic ischemic heart (223% increase 
and 153% increase, respectively), suggesting that Hsp-27 may 
protect from ischemia-induced apoptosis by decreasing the 
activation of caspase 3. 

To understand whether Hsp-27 acts through the in- 
trinsic pathway or extrinsic pathway, the activity of caspase 
9 was studied. The activity of caspase 9 was comparable in 
nonischemic, normoxic hearts of LC and Hsp-27tg (Fig. 4d). 
Ischemia induced approximately 184% increase in caspase 
9 activity in LC group. No such increase of caspase 9 activity 
was seen in the Hsp-27tg group after ischemia (Fig. 4d). 
Hence, in this model, ischemia leads to the activation of the 
intrinsic pathway through activation of caspase 9. 
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FIGURE 3. Effect of Hsp-27 on cytokines. Recipients of transgenic and LC allografts were killed at days 2,5, and 12 after 
transplantation and donor hearts assessed for presence of IFN-7 (A), IL-2 (B), TNF-a (C), IL-ip (D), IL-4 (E), IL-5 (F), IL-10 (g) 
and TGF-(B (H). The y-axis shows relative expression of mRNA as a percentage of that present in syngrafts. It can be seen that 
transgenic allografts express less IFN-7 at day 5 than LC allografts and more IL-4 at day 2 (*or #P<0.05; ** or ##P<0.01 and 
*** or ###P<0.001, ^transgenic vs. LC, #syngeneic vs. LC or syngeneic versus transgenic, n=3-6). IL, interleukin; TNF, 
tumor necrosis factor; TGF, transforming growth factor; mRNA, messenger RNA; LC, littermate control; IFN, interferon; Hsp, 
heat shock protein. 
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FIGURE 4. Comparison of apoptotic cells and caspase activity induced by ischemia-reperfusion injury in Hsp-27tg and LC 
hearts. Hearts from Hsp-27tg (n=3-6) and LC (n=3-6) mice were subjected to 10 min cold ischemia and 40 min warm is- 
chemia ex vivo (A-E) or ischemia-reperfusion injury in vivo for 4 hr or 24 hr (F). The hearts from these mice were subjected 
to TUNEL assay (a and b) to reveal presence of apoptotic cells or examined for presence of caspases. A, A photomicrograph 
of cryostat sections of hearts from Hsp-27tg and LC hearts (normoxic and ischemic) showing green fluorescent TUNEL- 
positive apoptotic cells. B, Quantitation of apoptotic cells (y-axis — no of apoptotic cells) in hearts from nonischemic LC, 
LC ischemic, nonischemic Hsp-27tg and ischemic Hsp-27tg. Data derived from mean of 50 fields/heart. Heat shock protein- 
27tg hearts subjected to ischemia had less apoptotic cells than LC hearts subjected to ischemia. (C-E) Activity of caspase 3 
(n=6 per group), caspase 9 (n=5 per group), and caspase 1 (n=4 per group), respectively, after ischemia measured as 
OD460/min/|jig. It can be seen that ischemia-induced expression of caspase 3 and caspase 9 is significantly reduced in Hsp- 
27tg compared with LC hearts (C and D). The x-axis of f (n=3) shows the groups (LC normoxic, LC after 4 or 24 hr ischemia- 
reperfusion, Hsp-27tg normoxic, Hsp-27tg after 4 or 24 hr ischemia-reperfusion). It can be seen that there was no significant 
increase in caspase 3 at 4 hr in any group, but at 24 hr, there was significantly more caspase activity in LC hearts compared 
with normoxic hearts. One-way ANOVA with Bonferroni correction (*P<0.05, **P<0.01, and ***P<0.001). LC, littermate 
control; TUNEL, terminal deoxynucleotide transferase-mediated 2'-deoxyuridine-5'-triphosphate nick-end labeling; ANOVA, 
analysis of variance; Hsp, heat shock protein. 
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Caspasel displays both proapoptotic and proinflamma- 
tory properties (20). Its activation results in maturation of 
pro-IL-lp and pro-IL-18 into mature forms. The effect of 
Hsp-27 on caspase 1 activation was investigated (Fig. 4e). There 
was no significant difference in the increase in caspase 1 activ- 
ity between LC (132%) and Hsp-27tg (133%) ischemic hearts. 
However, in normoxic conditions, the activity of caspase 1 was 
significantly lower by 27% in Hsp-27tg compared with LC 
hearts. This result indicates that Hsp-27 regulates the expres- 
sion of caspase 1 and not its activity and by doing so exhibits 
both antiapoptotic and anti- inflammatory effects. 

Ischemia-Reperfusion Injury 

Hearts from Hsp-27tg and LCs were transplanted into 
the abdomen of syngeneic B10.A. The animals were killed at 
4 hr or 24 hr after transplantation, and their hearts were ex- 
amined for activity of caspase 3 (Fig. 4f ). There was a small 
but insignificant increase in caspase 3 activity at 4 hr in 
control mice, reaching significantly higher levels at 24 hr 
(PO.001). In contrast, there was no significant increase in 
caspase 3 activity in hearts from Hsp-27tg mice after 4 or 
24 hr of ischemic reperfusion. These results confirm the 
ex vivo results above that Hsp-27 may protect from ischemia- 
reperfusion injury by an antiapoptotic effect through the 
suppression of caspase 3 activity. 

Effect of Hsp-27 on T-Cell Activation 

The possibility that antigen-presenting cell (APC) 
from Hsp-27tg hearts are deficient in their ability to induce 
T-cell activation was investigated. Splenocytes were removed 
from C57BL/6 mice 5 days after they had received a synge- 
neic heart transplant or hearts from B10A mice (Hsp-27tg 
or LC mice). Splenocytes were incubated with APC from 
spleens of Hsp-27tg, LC, or third party controls (FVB mice) 
for 48 hr and numbers of T cells producing IFN-7 estimated 
by ELISA spot (Fig. 5a). Production of IFN-7 represents 
activation of memory T cells (21). It can be seen that sple- 
nocytes from mice transplanted with syngeneic hearts did 
not show IFN-7 responses to B10.A hearts from Hsp-27tg 
or LC mice. In contrast, splenocytes from mice that re- 
ceived an allogeneic LC BIO. A heart showed memory IFN-7 
responses to APC from both LC and Hsp-27tg mice, there 
being no difference between these responses. These mice had 
not been primed to third party FVB cells. Similarly, mice 
that had been exposed to allogeneic Hsp-27tg hearts be- 
came primed to BIO. A antigens, it can be seen that their 
splenocytes produced IFN-7 to APC from both Hsp-27tg 
and LC mice, but not to third party controls. There was 
no significant difference in the magnitude of the response to 
LC APC from the mice that had been exposed to LC allo- 
geneic hearts or Hsp-27tg allogenic hearts (Fig. 5a). Spleens 
were removed after 12 days, and the results were the same 
(Fig. 5b), although in all cases, the IFN-7 response was di- 
minished compared with that at 5 days. These results dem- 
onstrate that exposure of splenic T cells to Hsp-27tg hearts 
for 5 or 12 days does not inhibit T-cell priming. 

DISCUSSION 

These results demonstrate for the first time that over- 
expression of Hsp-27 in donor hearts significantly prolongs 
allograft survival. In this article, we have investigated the 
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FIGURE 5. Frequency of alloreactive T cells from mice 
receiving Hsp-27tg and LC hearts grafts. Splenic T cells 
obtained from C57BL/6 recipients of syngeneic, LC, or 
Hsp-27tg allografts were removed at 5 (A) or 12 days (B) 
after transplantation and mixed with antigen-presenting 
cell (APC) isolated from LC, Hsp-27tg, third party (FVB) 
controls or medium alone. The cultures were tested for pro- 
duction of IFN-7 by ELISPOT. The frequency of IFN-7- 
producing cells is shown on the y-axis as number of spots 
per million splenocytes. Splenocytes from recipients of LC or 
Hsp-27tg allografts demonstrated a vigorous memory re- 
sponse when cultured in the presence of APC from LC or 
Hsp-27tg mice, but exhibited a poor response to APC from 
third party controls. There is no evidence that the presence 
of the Hsp-27tg allograft for 5 or 12 days diminishes the 
ability of C57BL/6 splenocytes to become primed to B10.A 
antigens, *P<0.05, **P<0.01, ***P<0.001, n=3-8 per group. 
LC, littermate control; APC, antigen-presenting cell; IFN", in- 
terferon; ELISPOT, enzyme-linked immunosorbent spot; Hsp, 
heat shock protein. 

possible mechanisms. The properties of Hsp-27 that con- 
tribute to cytoprotection, such as antiapoptotic and anti- 
oxidative properties, have been discovered almost entirely 
using cell culture assays; in vivo effects are likely to be more 
complex because they involve interaction between different 
organ systems. Western blotting demonstrated the presence 
of HA-tagged Hsp-27 in the heart of Hsp-27tg mice, and 
immunocytochemistry strongly suggested it to be confined 
to cardiac myocytes and not present in endothelial or inter- 
stitial cells. The absence in interstitial cells is important be- 
cause other studies have shown that macrophages contain 
and secrete Hsp-27 (13, 22). Overexpression of Hsp-27 in cells 
of monocytic or dendritic origin would suggest modulation 



Copyright © 201 4 Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited. 



36 I www.transplantjournal.com 



Transplantation • Volume 98, Number 1, July 15, 2014 



of antigen presentation as a possible mechanism of allograft 
prolongation by Hsp-27. However, although the control and 
Hsp-27tg mice demonstrated the presence of endogenous 
Hsp-25 in their spleens (Fig. la), the HA tag was not detect- 
able, suggesting that in our mice, the transgene was not in- 
corporated into the cells of monocytic or dendritic lineage. 
Immunocytochemistry of cytospins of bone marrow and 
spleen confirmed the absence of HA-tag in hematological 
precursor cells of Hsp-27tg mice (data not shown). 

Analysis of donor hearts by qPCR demonstrated sig- 
nificantly reduced expression of CD 3 and CD 8 transcripts 
in Hsp-27tg hearts compared with hearts from LCs at day 5; 
by day 12, there was no difference. This suggests that 
Hsp-27 reduced the magnitude of the proinflammatory T H 1 
response at early times after transplantation. Expression 
of CD4 was low compared with CD3 and CD8 (Fig. 2), 
suggesting acute rejection is mediated mainly by CD 8+ T 
cells in this strain combination. However, qPCR data do not 
provide information about numbers of cells, and although 
visual analysis of sections by immunocytochemistry broadly 
confirmed qPCR results, the absence of quantitative data 
of numbers of cells or heart section is a weakness of this 
study. The possibility that the innate immune system was 
modulated by Hsp-27 over- expression in the myocardium 
was suggested by presence of more CD 14 transcripts in the 
hearts of Hsp-27tg donors at 2 days (Fig. 2) and significantly 
more expression of the anti- inflammatory cytokine IL-4, 
which is produced by monocytes (Fig. 3). There are at least 
two subpopulations of monocytes which are distinguished 
by the expression of chemokine receptors and specific sur- 
face markers. The Ly6C hl (also known as Grl+) monocytes 
express Ly6C and CDllb+ together with high levels of 
chemokine receptor CCR2 but low level of CX 3 CR1. Ly6C lG 
(Grl — ) express low level of Ly6C and CCR2 but high level 
of CX 3 CR1 (23, 24). These subsets of monocytes also differ 
functionally, Ly6C hl are proinflammatory, they are preferen- 
tially recruited to the site of inflammation, whereas Ly6C lc 
has been shown to be involved in inducing tolerance and 
wound healing but are weak phagocytes (23, 25, 26). In 2007, 
Nahrendorf et al. demonstrated that in a murine model of 
myocardial infarction (induced by coronary ligation), there 
is a biphasic recruitment of monocytes to the damaged 
heart; the first phase consists of Ly6C hl monocytes, and the 
second phase are Ly6C lG cells (24). Depletion of the second 
phase of Ly6C lc cells resulted in decreased remodeling and 
less granulation tissue in the heart, suggesting these cells are 
involved in the healing response. As far as we know, a bi- 
phasic monocyte response has not been sought in models 
of myocardial ischemic damage induced by organ transplan- 
tation. Further studies are required to explore whether the 
overexpression of Hsp-27 in cardiac myocytes alters the 
balance of proinflammatory versus anti- inflammatory or 
healing monocytes in the damaged myocardium. 

In view of the predominance of CD 14 in Hsp-27tg 
hearts early after transplantation, the possibility that Hsp-27tg 
modulates early tissue damage caused by ischemia was in- 
vestigated. Myocardial ischemia- reperfusion injury induces 
cellular damage including membrane peroxidation, increase 
in reactive oxygen species, disruption of the cytoskeleton, and 
deterioration of mitochondrial function (27-29). Nontrans- 
planted hearts were subjected to ischemia and investigated for 



presence of apoptotic cells and activation of caspases 3, 9, 
and 1 (Fig. 4a-e). Heat shock protein-27tg hearts demon- 
strated significantly less apoptotic cells than those in LC 
hearts, and there was significantly less activation of caspase 3 
and caspase 9 in Hsp-27tg hearts compared with LCs. Simi- 
larly, caspase 3 activity increased significantly in littermate 
control hearts, but not Tg hearts, after transplantation in 
syngeneic recipients for a period of 24 hr (Fig. 4f ). Hollander 
et al. demonstrated lower levels of the oxidative product 
malodialdehyde in Hsp-27tg hearts subjected to ischemia on 
Langendorff preparations compared with control hearts — and 
suggested less oxidative stress was associated with smaller in- 
farct size (9). These results suggest that Hsp-27 overexpression 
inhibits activation of the intrinsic pathway which leads to 
apoptosis and cell death. In addition, the lower activity of 
caspase 1 in Hsp-27tg heart versus control (Fig. 4e) indicates 
that Hsp-27 regulates the antiapoptotic and anti-inflammatory 
effects mediated by caspase 1. 

The results suggest therefore that early damage to 
cardiac myocytes is inhibited in Hsp-27tg hearts through an 
antiapoptotic pathway and probably an anti- inflammatory 
effect. Although there was no evidence that Hsp-27 was over- 
expressed in APCs in our mice (as said above), it is possible 
that Hsp-27 is released from overexpressing hearts and may 
inhibit T-cell priming in the spleen and lymphoid organs. 
Heat shock protein- 2 7 is secreted from macrophages and can 
be found in the blood stream (13). Enzyme-linked immuno- 
sorbent assay detected the presence of Hsp-27 in the blood of 
our transgenic animals (Fig. lc). Hence, experiments were 
performed to assess T-cell priming in recipients of allogeneic 
Hsp-27tg hearts (Fig. 5). Splenic T cells removed from allo- 
geneic recipients of LC hearts demonstrated a primed IFN-7 
response when challenged in vitro with splenic APC from 
Hsp-27tg mice or their LCs, demonstrating no deficiency in 
the ability of splenic APC to activate memory cells (Fig. 5, 
column 2) in this particular system. Similarly, spleens from 
mice which had received Hsp-27tg hearts 5 or 12 days previ- 
ously also showed a memory response to APC from Hsp-27tg 
and control mice. (Fig. 5, 3rd column). The fact that the 
alloantibody response was not diminished in mice bearing 
Hsp-27tg allografts also suggests that T-cell activation has not 
been inhibited. These results strongly suggest that protec- 
tion from early myocardial injury is the major mechanism 
whereby Hsp-27 enhances survival of Hsp-27tg hearts. 
Whether this is achieved by direct recruitment of anti- 
inflammatory CD 14+ monocytes or simply by reducing 
numbers of apoptotic cells has yet to be determined. The re- 
sults add support to current efforts to limit tissue damage 
during procurement and reperfusion (30, 31) and suggest that 
the use of natural inducers of Hsp-27 may protect hearts from 
ischemia- reperfusion injury and be of clinical relevance in 
heart transplantation. 

MATERIALS AND METHODS 

There follows a brief description of all Materials and Methods. More 
details can be found in the SDC (http://links.lww.com/TP/A978). 

Mice 

B10.A mice overexpressing the human transgene Hsp-27 (Hsp-27tg) 
were provided by Dominic Wells (Imperial College London). The genera- 
tion and characterization of these mice has been described previously (17). 
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Heart Transplantation 

B10.A (H-2 a ) hearts from Hsp-27tg or littermate controls were hetero- 
topically transplanted into C57BL/6 (H-2 b ) recipients by the technique as 
described by Corry et al. in 1973 (32). Syngeneic controls consisted of trans- 
planting C57BL/6 into C57BL/6. 

Western Blots 

Tissues were snap-frozen in liquid nitrogen and proteins extracted by 
homogenization in radioimmunoprecipitation assay buffer. Proteins were 
separated by gel electrophoresis and transferred onto polyvinylidene fluroride 
membranes (GE Healthcare, Amersham, UK). The house keeping gene, 
GAPDH was used as an internal control. Proteins were identified using an 
antibody against the HA tag (rabbit anti-HA from Santa Cruz [Wembly 
Middlesex, UK], used at 1:200), rabbit anti-Hsp-25 (1:250, from Calbiochem, 
Nottingham, UK) or rabbit anti-GAPDH (1:1000, from Cell Signalling, 
Hitchin, UK) followed by peroxidase conjugated anti-rabbit secondary anti- 
body at 1:1000 (from Dako, Ely, UK). After visualization using enhanced 
chemiluminescence (Amersham hyperfilm ECL; GE Healthcare), band inten- 
sities were quantified by densitometry. The intensities obtained for HA and 
Hsp-25 were normalized relative to those of loading control GAPDH. 

Immunohisto chemistry 

Cryostat sections were stained with rabbit anti-HA primary antibody 
(at 1:50, from Roche, Burgess Hill, UK) for 1 hr 30 min at room temperature. 
After washing in phosphate-buffered saline, biotinylated rat anti-rabbit anti- 
body (at 1:200, from Dako) in 2% mouse serum was added for 45 min 
followed by avidin-biotin-horseradish peroxidase complex (Vectastain ABC 
kit; Vector Laboratories, Peterborough, UK). The sites of peroxidase binding 
were developed in phosphate-buffered saline containing diaminobenzidine 
tetrachloride (0.3 mg/mL) and hydrogen peroxide (0.01%) (Sigma fast; Sigma 
Aldrich, Poole, UK). Slides were counterstained with Mayer's hematoxylin 
(Sigma Aldrich). 

Detection of Alloantibody 

Serum from recipient mice was collected at the time of sacrifice. 100,000 
splenocytes were incubated with sera at 1:10, 1:20, and 1:40 dilutions for 
30 min at 4°C. Cells were washed and incubated with secondary goat anti- 
mouse Ig-fluorescein isothiocyanate (AbD Serotec, Kidlington, UK) at 1:30 
dilution for 30 min at 4°C. Two further washes were performed, and the 
splenocytes were then fixed in 0.5% formaldehyde and analyzed by flow cytometry. 

Enzyme-Linked Immunoassay 

Plasma levels of Hsp-27 were assessed using an ELISA kit for Hsp-27 
(Q1A 119 from Calbiochem). The assay has been found to have no cross- 
reactivity with Hsp-25 (22). 

Induction of Ischemia 

To mimic the effect of ischemia encountered during heterotopic heart 
transplantation, hearts were harvested from Hsp-27tg and LCs and sub- 
jected to 10 min cold ischemia (in saline at 4°C) followed by 40 min of 
warm ischemia (in saline at 25°C). Hearts where no ischemia was induced 
were used as controls. 

TUNEL Assay 

Apoptotic cells from the hearts of Hsp-27tg mice and their LCs were 
detected by TUNEL labeling detection of free 3'-OH groups in fragmented 
DNA in situ (In Situ Cell Death Detection Kit, POD; Roche). The assay was 
performed as described by Sgnoc et al. (33). 

Caspase Assay 

Thirty microliters of protein extracted from mouse hearts was incubated at 
37°C with 50 julL of caspase assay buffer (200 mM HEPES, 50 mM dithio- 
threitol, 1% 3-[(3-cholamidopropyl) dimethyl-ammonio]-a-propanesulphonate, 
20 mM ethylenediaminetetraacetic acid) and the appropriate caspase substrate. 
The activity of caspase3, caspase 1, and caspase 9 was measured using specific 
substrates labeled with N-Acetyl-Asp-Glu-Val-Asp-7-amido-4-methylcoumarin 
( Sigma) , N-acetyl-Tyr- Val- Ala-Asp- ( 7-amino-4-triflouromethylcoumarin) , and 
N-acetyl-Leu-Glu-His-Asp-(7-amino-4-triflouromethylcoumarin) (Tocris), re- 
spectively, and quantified by spectrofluorimetry 



qPCR Analysis 

For qPCR analysis, myocardium samples were snap- frozen in liquid ni- 
trogen immediately after collection and stored at — 80°C. Total RNA was 
extracted from frozen tissue using the RNeasy fibrotic tissue mini kit with 
DNAase treatment (catalogue number 74704; Qiagen) and quantified by 
ultraviolet (UV) spectrophotometry, complementary DNA was prepared 
using Life Technologies' Taqman reverse transcription reagents (catalogue 
number N8080234). 

Enzyme-Linked Immunosorbent Spot Assays 

T cells and APC were separated from mouse spleens using antibody 
coated magnetic beads. Ninety-six well PVDF-bottomed plates (Millipore, 
Watford, UK) were coated with mouse anti-rat IFN-7 capture antibodies (BD 
Biosciences, Oxford, UK). Responder and stimulator cells (pretreated with 
Mitomycin C) were resuspended in RPMI-1640 +10% fetal calf serum. A total 
of 2xl0 5 responder T cells and 2xl0 5 APCs were added to each well, and 
plates were incubated at 37°C, 5% C0 2 for 48 hr. After washing, they were 
exposed to biotinylated anti-mouse IFN-7 antibody (from BD Biosciences) for 
2 hr at room temperature. Streptavidin HRP (Vector Laboratories Ltd., UK) 
was added for 1.5 hr before the addition of the substrate AEC (3-amino9- 
ethyl-carbazole). Spots were allowed to develop before the plates were washed 
with H 2 0 and left to dry overnight. 

Spots were enumerated using an AID ELISPOT reader and software 
(Autoimmun Diagnostika GmbH, Strapberg, Germany). 

Statistics 

Statistical calculations were performed using GraphPad Prism version 5 
(GraphPad Software, La Jolla, CA). Comparison of two groups was performed 
with unpaired t-test. To compare three or more groups analysis of var- 
iance (one-way analysis of variance) and Bonferroni posttesting (compare 
all pairs of columns) was performed, whereas two-way analysis of variance 
Bonferroni posttesting was used to compare two factors. P less than 0.05 was 
considered statistically significant with *P less than 0.05, **P less than 0.01, 
***Pless than 0.001. 
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